Related Work
Nowadays, inexpensive and flexible organic materials such as low glass transition temperature (Tg) polymers ( [4] , [5] ) combined with high-throughput roll-to-roll (R2R) mass production ( [1] , [2] , [3] ) are increasingly gaining industrial value. Specifically, low-cost opto-electronic sensors ( [6] , [7] ) can benefit from the use of the aforementioned strategies. Here, an opto-electronic sensor is assumed to include at least one electrically fed light source, one electrically fed light detector, a network of light waveguides and finally coupling structures to focus the light from and to light sources, light sinks and light waveguides.
While performance is a crucial factor for the success of polymeric opto-electronic sensors, monolithicity of the opto-electronic system remains a challenge. In particular, monolithicity is established once electronics, optics and opto-electronics are assembled on the very same substrate. Existing opto-electronic systems overcome the aforementioned challenge by discretizing the system and decoupling various mechanical, chemical and thermal limitations across the system. For instance, a flexible shear sensor, and a strain and pressure sensor based on opto-electronics were demonstrated in [8] and [9] respectively, where opto-electronic components and optics were manufactured on different substrates and materials, and subsequently integrated. While performance, which is particularly secured by optical alignment, was ensured, a R2R manufacturing approach was clearly impaired due to the lack of monolithicity. In [10] , while the light source and sink were integrated onto one single flexible platform, light waveguides were not realized.
In order to guarantee a flexible and monolithic opto-electronic sensor, optical alignment has to be given. Assuming that the light sources and sinks are surface mount devices, a surface mount technology has to be established thoroughly. Clearly, classical high-temperature soldering and wire-bonding of opto-electronic components fail. Accordingly, surface mount methods of opto-electronic components need to be adjusted to the optical tolerances. For instance, although planarity of the system was hindered, an out-of-plane optical interface was used to connect an already packaged opto-electronic component to a printed circuit board, which houses the light waveguides [11] . Therefore, warpage of the printed circuit board due to packaging of the opto-electronic component was substantially minimized. Furthermore, continuous active alignment of opto-electronic components during a soldering cycle, while the opto-electronic components are in operation, helps meeting the required optical tolerances [12] . Nonetheless, costs of active alignment need not to be neglected. In this case, light couplers such as micro-mirrors definitely assist passive alignment [13] .
Nomenclature

3D
three dimensional Here, we present a computational study investigating the thermo-mechanical feasibility of a flexible, monolithic and planar opto-electronic system based on a low Tg polymeric substrate. Notably, the system is to be manufactured using a R2R process. Besides, light sources and sinks are to be surface mounted by means of a low temperature soldering process according to [30] . In particular, we establish design guidelines for decreasing the system warpage, and therefore preserving optical alignment and mechanical reliability.
Opto-electronic system: geometry and materials
We research an opto-electronic system ( Figure 1 ) that employs a hybrid selection of materials. Here, Poly(methyl methacrylate), having a Young's modulus of 1950 MPa, a Poisson's ratio of 0.375 and a Tg of 105 deg. C [14] , serves as the substrate material. Then, multimode light waveguides made of Polyethylene Terephthalate are embedded in the substrate, which are characterized by a Young's modulus of 3780 MPa [18] , a Poisson's ratio of 0.405 [19] and a Tg of 71 deg. C [20] . In terms of optical properties, Poly(methyl methacrylate) (PMMA) has an optical refractive index of n=1.489 at a wavelength of 632.8 nm [15] , while Polyethylene Terephthalate (PET) has a refractive index of n=1.636 at the same wavelength [17] . Next, embedded couple structures, in particular grating structures, enable light reception and emission from-and-to substrate. Further, Copper (Cu) interconnects establish a metallic interface between substrate, light sources, and sinks. Here, Cu has a Young's modulus of 130 GPa and a Poisson's ratio of 0.34 [16] . Lastly, three dimensional (3D) light emitting diode and photodiode that are based on Gallium Arsenide (GaAs) are surface mounted to the surface of the polymeric substrate employing a low temperature eutectic solder. In this work, we assume that Gallium Arsenide has a Young's modulus of 85 GPa and a Poisson's ratio of 0.31 [22] . In addition, we explore the effectiveness of two commercially conventional eutectic compounds 52w.%In 48w.%Sn (InSn) and 58w.%Bi 42w.%Sn (BiSn) as a soldering layer. While InSn melts at 118 deg. C, BiSn liquefies at 138 deg. C. Moreover, the Young's modulus of InSn and BiSn are assumed to be 19.5 GPa and 43 GPa [23] , and the Poisson's ratio of InSn and BiSn are 0.36 [25] and 0.35 [24] respectively. [26] respectively, and constant over the soldering cycle due to their rigid nature and low soldering temperature. CTEs of the remaining materials are experimentally determined continuously over the soldering cycle. Using an optical dilatometer, material samples of the size of 24 mm x 12mm were heated starting at room temperature to a maximum of 130 deg. C. while gradually increasing the temperature with a ramp of 1 K/min. Notably, the temperatures at which CTEs were measured were maintained for 20 minutes duration. Analogously, the samples were cooled down. Accordingly, CTEs of the various materials of the opto-electronic system are depicted in Figure 2 .. Additionally, the ultimate shear strengths of the bearing layers InSn, BiSn and Cu are critical for the reliability of the system. On that account, the shear strength of InSn and BiSn are assumed to be 11.2 MPa and 3.4 MPa respectively [27] .
The overall size of the system is 16 mm x 20 mm, while the light waveguide length is 16 mm and the PMMA substrate thickness is 0.2 mm. Furthermore, the surface area of the opto-electronic components attached to the PMMA substrate is 0.1 mm x 0.1 mm. Besides, each Cu pad has a thickness of 0.02 mm. A solder joint has a cross section of 0.025 mm x 0.1 mm. The diffraction grating has a period of 0.025 mm, a thickness of 0.02 mm and the same width as the PET waveguide. Then, the waveguide has a quadratic cross section. Subsequently, the size of the waveguide cross section, the thickness of the opto-electronic components and that of the solder layer, as well as the width and length of the Cu pads will be varied and investigated.
Theoretical Pre-Analysis
Adopting the theory of Timoshenko on a bi-layer thermostat [28] , soldering aftereffects on two decoupled subsystems: (a) substrate-waveguide and (b) component-substrate are investigated for both InSn and BiSn variations. In particular, we use the theory of Timoshenko to analyze the opto-electronic system due to thermal shrinkage after soldering and mismatches in CTEs. It is to be noted that Timoshenko assumes the layers of the thermostat to be of the same length. Therefore, both of the subsystems are focused on the actual contact region between the layers, i.e. the substrate-waveguide subsystem is 16 mm long, and the component-substrate subsystem is 0.1 mm long. First, we study the effect of the waveguide thickness on the warpage of the substratewaveguide subsystem and on the interfacial load at the fibers of the bearing surface between substrate and waveguide. Here, the substrate-waveguide subsystem does not include the opto-electronic component. Then, we analyze the implication of thinning of the opto-electronic component on the warpage of the component-substrate subsystem and on the interfacial load at the bearing surface between substrate and component. Notably, the waveguide is not part of the component-substrate subsystem. Unless otherwise stated, dimensions and material properties listed in the previous section are adopted for this analysis.
In terms of the substrate-waveguide subsystem, multimode waveguides having sizes between 0.01 mm and 0.1 mm exhibit large warpages, but small interfacial loads (Figure 3 ). Clearly, a difference of 6 ppm/K in thermal expansion between substrate and waveguide in addition to the low rigidity of the polymers is the cause for large warpages. Nevertheless, significant reduction of warpages is first observed for single mode waveguides with sizes less than or equal to 0.01 mm. Mainly, the low melting temperature of InSn leads to a less deformed and a less stressed system. Interestingly, the BiSn-system is noted to deform less than the InSn-system does in the case of multimode waveguides due to the higher difference between melting temperature of BiSn and room temperature, and due to low thickness ratio between substrate and waveguide. Finally, the warpage of the substrate-waveguide system is characterized by a smiling shape.
Thinning of 3D components is a common practice for ensuring planarity and flexibility of the assembled system [29] . Here, thinning of the 3D opto-electronic component leads to an increasing frowning warpage. However, interfacial loads between the component and the substrate decrease due to the loss in rigid volume. Nonetheless, warpage and interfacial loads remain substantial despite extreme thinning of the component, mainly due to a mismatch of 64 ppm/K in thermal expansion. As expected, lower soldering temperatures, and so the choice of InSn, lead to a less stressed and less deformed system. 
Computational Analysis
In order to investigate the structural reliability of the entire opto-electronic system, a numerical investigation becomes necessary. In particular, thermal shrinkage due to cooling after soldering is analyzed. We use ANSYS™ to model the system described in section 2. Here, we assume that the light sources and sinks are fully soldered to the interconnects, i.e., the bottom surface of the opto-electronic component is completely coated by the eutectic solder. Moreover, cooling is modeled as a global thermal body load, whereas the soldering temperature is assumed to be stress-free. Besides, materials are assumed to behave constitutively elastic while cooling down from soldering temperature to room temperature. Hence, the 3D finite element type solid185 is used. For numerical convergence purposes, the size of the numerical model results in about 195000 degrees of freedom. We employ a primary model, such that Cu pads are of 0.15 mm thickness, solder is of 0.025 mm thickness, waveguide is of 0.1 mm thickness, opto-electronic components is of 0.025 mm thickness. Besides, the primary model is assumed to have the waveguide to be centric to the PMMA substrate. Based on the primary model, we investigate the effect of assembly, design symmetry, position on the rolled-out polymer film, solder amount, and thickness and size of interconnects on the solderability of the opto-electronic system. By imposing coupled degrees of freedom to the boundary of the system unit, the position on the rolled-out polymer is modeled. In the case of a unit placed in the middle of an open roll, all four edges have coupled degrees of freedom, whereas for the unit placed at the edge of an open roll, three edges have coupled degrees of freedom and the open edge is not constrained. Finally, the system is ensured to be statically determinate by constraining vertical displacement of one corner.
Position on roll
We analyze the effect of the position of a system unit on a rolled-out polymer film on the waveguide warpage and the spectrum of shear stresses within the solder joint (Figure 4) . In particular, units positioned on the edge of the rolled-out polymer film exhibit larger waveguide warpages. However, the shear stresses do not depend on the system position. Even though mechanically not less reliable, units on the edge are optically less efficient, and might therefore need to be discarded. Also, we confirm that units soldered with InSn are less deformed and less stressed than units soldered with BiSn both on the middle and edge of the roll. More importantly, shear stresses within the BiSn solder are extremely beyond the ultimate shear strength of BiSn. Due to the low ductility of the material, BiSn is not recommended for manufacturing the proposed opto-electronic system.
System assembly
As depicted in Figure 5 , the warpage of the opto-electronic system is mostly due to the choice of Copper as a material for the interconnects. It is noted that the waveguide warpage of the substrate-waveguide-subsystem is nearly doubled when including the interconnects to the subsystem. However, the solder and opto-electronic component material induce a negligible increase in waveguide warpage of about 0.5%. Consequently, it is recommended to choose a different material for the interconnects with a closer CTE to that of the polymeric materials. In the computational model, the waveguide is completely embedded in the substrate, and so the substrate-waveguide subsystem exhibits lower warpages than calculated by theory in section 3.
Symmetry in design
We investigate the effect of symmetry of the design on the waveguide warpage and the shear stresses within the solder joint by introducing an offset of 0.5 mm to the center of the waveguide with respect to the PMMA substrate. Remarkably, asymmetry leads to an increase of up to 100% in waveguide warpage depending on position of system unit and solder material. While for symmetric designs, most of the shear stress components are partitioned equally between light source and sink, a slight imbalance occurs when symmetry of design is not fulfilled ( Figure 6) . Moreover, the shear stress components slightly increase in value. Therefore, a symmetric design is beneficial for decreasing warpage and shear stresses, and should be obtained whenever possible.
Solder amount
The effect of the solder amount on the waveguide warpage and spectrum of shear stresses within the solder is studied. As depicted in Figure 7 , a trade-off between monitoring warpage and stresses occurs. While decreasing the solder thickness minimizes shear stresses within the InSn solder, the waveguide warpage increases. Nevertheless, a solder thickness of less than 15 µm turns the system into lower mechanical reliability and, simultaneously, inefficient optical alignment. In the case of solder thickness of 50 µm, the shear stresses are below the ultimate shear strength of InSn, and lowest waveguide warpage is recorded. Nevertheless, only a moderate 0.5% decrease in waveguide warpage is achieved with this approach.
Thickness and size of interconnects/contacting pads
While the material of interconnects was shown in section 4.2 to affect optical alignment remarkably, waveguide warpage can still be monitored by adjusting the thickness of the interconnects as well as the edge size of the contacting pad. As shown in Figure 8 , narrower and thinner interconnects lead to a less deformed system. Notably, thinner interconnects are subject to larger shear stresses. Therefore, the interconnects should not be thinner than 5 µm in order to comply with the ultimate shear strength of InSn. Moreover, it is important to maintain a substantial thickness of the interconnects in order to enable soldering.
Conclusion
In this work, we studied the feasibility of a planar and monolithic opto-electronic system for a R2R mass production based on theoretical and numerical models. We developed design guidelines to facilitate eutectic soldering of opto-electronic components onto low Tg polymers while being accurately aligned to light waveguides. For the proposed system, it is concluded that InSn is better than BiSn as a eutectic solder due to lower melting temperature and higher ductility. Besides, Cu is not the ideal material for interconnects onto low Tg polymers due to large mismatches in thermal expansion. Moreover, system units positioned in the middle of the rolled-out polymer are expected to exhibit less light loss due to lower warpage. In order to reduce the warpage of the light waveguide and comply with the ultimate shear strength of InSn, we deduce four main design guidelines: (1) thinner interconnects, (2) narrower interconnects, (3) thicker solder and (4) symmetric design.
